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Introduction
Designing the wetting properties of materials is central to a broad range of industries, notably medicine, optics, and energy, and has consequently spawned huge research efforts in the last two decades. 1 Fortunately, Nature has developed a vast range of intriguing wetting properties readily solving major challenges. Examples include hierarchically structured self-cleaning surfaces inspired by the Lotus leaf, 1-4 as well as surfaces to control dropwise condensation, [5] [6] [7] [8] ice formation, [8] [9] [10] and fogging 11, 12 . Such surfaces can alleviate issues with fogging of lenses, mirrors, goggles, and wind shields; 13 reduction of sunlight harvesting in photovoltaic devices; 13, 14 and poor field visibility in endoscopy 15 . For the wetting or de-wetting performance of these engineered surfaces, the pinning effect is often encountered as a central problem. 16 In terms of the traditional energy minimization approach to describe wetting, 17 pinning impedes droplets in reaching the global minimum of Gibbs free energy, characterized by either a pure Wenzel 18 or a pure Cassie-Baxter 19 state. For both hydrophilic and hydrophobic surfaces, pinning is also responsible for the contact angle hysteresis, 3, 16, 20, 21 by trapping droplets in metastable states, 3 often requiring some agitation of the triple line to overcome the barriers induced by pinning. 16, 22, 23 Recently, Mouterde et al. showed how the fogging of hydrophobic structured surfaces is significantly decreased when mimicking the nanotextures of cicada (Psaltoda claripennis) wings. 12 They attributed the enhanced antifogging effect to a reduced adhesion of micro droplets when textures are downsized to nanoscale. While Mouterde et al. and most other studies are concerned with superhydrophobic surfaces, the antifogging effect for nanoscale-textured, hydrophilic surfaces remains largely unexplored despite a huge potential for applications such as fogharvesting 24 and oil-water separation 25 . Much attention is also currently given to photo-induced wettability conversion of metal oxide thin films, where intrinsically hydrophilic materials exhibit very high contact angles. 26 However, few, if any, studies go into details with the reason for this abnormal contact angle behaviour.
A "superwetting surface" is sometimes understood as synonymous to a "superhydrophilic surface", i.e. a surface that exhibits a contact angle to water lower than the Young contact angle for the same material. 27 Another definition is: any surface that will spread a droplet to a thin film. 28 Here, we define superwetting as a type of wetting that allows droplets to spread on the surface with no pinning. The main novel finding presented here is that a unified understanding of the two definitions above can be obtained by looking into the coincident conditions for spontaneous hemiwicking flow 29 and fast spreading of droplets. This implies that superwetting of nanotextured surfaces is closely related to their ability to support spontaneous hemiwicking; i.e. flow in-between the open surface textures driven by uncompensated Laplace pressure for the advancing liquid menisci; [30] [31] [32] contrary, surfaces not supporting hemiwicking will tend to pin droplets. The Laplace pressure, which may either act as a driving force or a barrier for the flow, is of order / , where is the surface tension of the liquid, and is the characteristic pore size. The barrier properties of the Laplace pressure are well known from microfluidic capillary-stop devices, 33 and from omniphobic surfaces based on re-entrant texture geometries 34 . If is downsized to nanoscale, this Laplace pressure may compare to hundreds of meters hydrostatic pressure.
The technologically interesting implication of the reported wetting transition to the superwetting state is that a surface exposed to fog will form a continuous water film. For such fully wetted textured surfaces, optical transparency under condensation is preserved due to replacement of the myriads of light-scattering micro-droplets by the water film. In addition, we note that texture sizes must be below the diffraction limit of light to avoid haze, 35 which for visible light is 200 nm. 36 Hence, we report on the hemiwicking and antifogging properties of nanotextured model surfaces templated from block-copolymer self-assembly with pillar diameters of 50 nm arranged in a predominantly hexagonal array with pitch size of 70 nm. 37, 38 Structures with an aspect ratio 1 are replicated in highly transparent poly(methyl methacrylate) (PMMA), which allows study of the 50 nm thick wicking films by transmission microscopy 39 . On the microscale, antifogging properties are studied by controlled condensation of water vapor 7 on the surfaces.
Results and discussion
We experimentally demonstrate that spontaneous hemiwicking is a critical condition for macroscopic superwetting by developing a method to fine-tune the surface energy of the substrate. The results are shown in Figure 1. Figure 1a shows the measured water contact angles for unstructured and structured sample siblings that underwent simultaneous argon plasma treatment. To avoid plasma-induced roughness, mild plasma were employed and allowed an exclusively chemical modification. Continuous tuning of the surface energy was easily achieved by plasma time variation, thus allowing the observation of droplet-transition between the two wetting regimes. The data points marked with A' and B', represent, respectively, a surface with severe pinning (no plasma treatment) and clear superwetting resulting from a 70 s Ar plasma treatment. One immediate observation for condition A' is that the contact angle for the nanotextured sample is higher than the corresponding Young contact angle; measured on its flat sample sibling (Figure 1b) . On the other hand, for sample siblings subjected to the plasma treatment, the contact angle of the nanotextured sample is well below the Young contact angle 40 ; measured on corresponding unstructured/flat samples (Figure 1c) . The increased contact angles are observed for the nano-structured, but untreated, samples despite their intrinsic hydrophilicity.
Again, from a global energy minimization perspective the roughness should have increased the wettability. This qualitative difference between the two regimes is also present at microscale as seen in Figures 1d,e. Here, we show fogging experiments for the two extreme samples A' and B', performed in an environmental chamber featuring reproducible condensation of water vapor (see Methods section). For comparison, the fogging experiments were also carried out using the corresponding flat samples. We see a clear difference between the nanostructured and flat samples; only when structure is present, and surface chemistry is favorable, the sample exhibit full wetting of the entire surface. Although the condensation time depends on substrate cooling, full wetting was here obtained after condensation for 25 minutes, and no further change in the wetting morphology happened hereafter. To illustrate the improvement for visual applications, we tested the fogging properties for the entire 50 mm samples by exposing them to hot water vapor (Figures 1f, 1g ). Again, we present the two extreme cases (A' and B'), with significant fogging of the untreated sample, while the treated sample forms a continuous, non-diffracting water film. In addition, a slight anti-reflectivity (AR) is obtained due to the moth-eye effect 36 . This AR effect is quantified in Figure S1 , where we see that single-sided nano-structured samples transmit almost 1% more visible light (400 nm -800 nm) than the unstructured ones. Later, we take advantage of the transmission properties, when conducting the optical transmission study of the dynamic water spreading on the model surface. The model surface is visualized using helium-ion nano-imaging in Figure 1h . We see that the nanostructures consist of rounded pillars ordered in a predominantly hexagonal array and have a height to diameter aspect ratio of about one. To understand these phenomena better, we investigated the surface chemistries in more detail, as summarized in Figure 2 . Gradual changes to the surface chemistry were obtained by Ar plasma treatment. [41] [42] [43] The primary effect is to render the samples more hydrophilic through an increase in surface free energy (Figure 2a ; more details on the chemistry below). 42 For similar plasma activation and Ar pressure conditions, we found that Young's contact angle decreased approximately linearly with plasma treatment time ( Figure S2 ). In addition, plasma treated PMMA has a hydrophobic recovery at the time scale of hours, allowing us to test the transition in the reverse direction (from hydrophilic to hydrophobic) shown in Figure 2b . Indeed, a small increase in Young's contact angle from around 50° to 55° results in an abrupt change in the advancing contact angle for the nanostructured sample; ~15° to 60°. Hydrophobic recovery after plasma induced hydrophilization may result from hydrocarbon contamination, chain re-orientation, and outdiffusion of apolar moieties. 43 However, unlike the coarse surface activation by the Ar plasma treatment, which relies on precise timing of the plasma process, we see that the hydrophobic recovery process is monotonic in time, and shows the return to the pinned state when the Young contact angle exceeds ~50° after 4-6 hours. Observation of the reverse transition corroborates our claim of a purely chemical change.
The PMMA surface hydrophilization was documented by X-ray photoelectron spectroscopy (XPS) measurements of pristine (Figure 2c ) and 70 s Ar plasma treated (Figure 2d ) PMMA surfaces. The plots show the decomposition of the spectral carbon 1s peak into the four contributions C1 (C-C),
. It is found that the ratio C4/C3 is higher in Ar-treated samples (see Table S1 ). We interpret this as an introduction of acid groups to a fraction of the polymer units (Figure 2e ) by hydrolysis of ester groups as schematically shown in Figure 2f . This substitution is the most likely cause for the significant hydrophilization, which is common during surface activation of polymeric materials. 44 The soft Ar plasma treatment 42 was chosen over the more aggressive O2 plasma 45 in order to avoid the introduction of additional surface roughness. This is documented in Figure S3 , where we compare AFM scans of unstructured PMMA samples before, and after the considerable plasma treatment for 70 s. Indeed, the surface roughness of unstructured PMMA samples before and after was measured by AFM to be = (1.20±0.10) nm, and = (1.37±0.13) nm, respectively. Figure 3a is a schematic of the transmission microscopy measurement, where we visualize the droplet spreading from below. Figure 3b shows data as obtained for selected times (raw videos for the presented time sequences are found in ESI, Video 1,2). Tracking the droplet front quantifies the spreading (see Figure 3c ). For sample A, the droplet spreading is slow, but propagates throughout the whole experiment. For sample B, which was plasma treated for longer time than A, the droplet propagates about a factor of 20 faster, reaches a standstill in < 10 seconds, and is then superseded by a hemiwicking film that initially continues with the same speed as the droplet was spreading, but soon after slows down. The observed behavior contradicts the expectation based on thermodynamic arguments predicting increased wetting of hydrophilic surfaces when the roughness factor is increased. 46 Although this prediction was shown experimentally for very rough nanograss glass surfaces having
Young contact angles below 30, 47 we and many other groups find an unexpected increase in the apparent contact angle with increasing roughness 48, 49 owing to the pinning effect. 22, [50] [51] [52] [53] [54] Strong pinning can even cause droplets to spread along the underlying lattice directions creating polygonal droplet shapes. 55 Despite these observations, the superwetting behavior of rough surfaces made from moderately hydrophilic materials, such as polymers, has only been sporadically investigated. 11, 13 The abnormally high contact angle, we attribute to the droplet being pinned in a metastable state away from thermodynamic equilibrium. However, zooming in on the triple line (as done in Figure 3 ) reveals that such pinned droplets, in fact, spread continuously;
although very slowly. This dynamic motion is toward the thermodynamic equilibrium state through a series of metastable states. 23, 56 Wenzel theory predicts full wetting with contact angle 0 above a critical Wenzel roughness factor, = 1 cos ( ) ⁄ . Thus, for the roughness factor  2.5- al. 31 for a dense pillar array. For longer times, a slow-down is observed as a deviation from a straight line in the log-log plot Figure S4b , and in Figure S4e . We attribute this slow-down to evaporation effects. 64 Regarding the superwetting state, we assigned a contact angle (see Figure   S4f ) to the droplet by measuring its radius after full stop and employing Equation S1. This analysis showed a clear correlation between contact angle and propagation speed of the hemiwicking film;
the lower contact angle correlates with higher speed as expected for a Hagen-Poiseuille flow.
The driving force for the hemiwicking film is the uncompensated Laplace pressure, ∆ , associated with the curved menisci at the liquid front. 31 and found stronger wicking properties for dense arrays of round pillars. 67 In this respect, we emphasize that a hexagonal array of circular pillars is a generic closest packing geometry, and as we shall see shortly, only by decreasing the pitch to pillar diameter ratio / can we make the structure denser, and thereby allow for a higher Young contact angle threshold for superwetting.
However, the structures presented here are very close to the practical pillar density limit by having a gap between pillars of only ( − ) ≈ (18±2) nm, making it exceedingly difficult to increase the threshold value significantly. When below this limiting Young's contact angle, the hemiwicking film eventually overtakes the radial spread of the macroscopic droplet from which it originated. This occurs when the droplet reaches an equilibrium wetting state with no energetic benefits from further advancement. Here it rests on a composite surface comprised of dry pillar tops and liquid. 59, 65, [68] [69] [70] The situation corresponds to a wetting state for a chemically heterogeneous surface obeying Cassie's law. 46, 71 Ishino and Okumura dubbed this state the "sunny-side-up" state, with the yolk representing the sessile droplet, and the white representing the wicked water film (Figure S7 ). 68 In Figure S8 , where the model and the data from Figure 1a are compared, we see that the model predicts an asymptotic value for low Young contact angles, i.e. for ≲ 50°, whereas for higher the data begin to deviate substantially from the model. We interpret this deviation as a transition to a so-called pseudo-Wenzel state 68 , where the droplet "struggles" towards thermodynamic equilibrium, but never seems to get there (at least not during the observation time, which was 10 minutes for the longest lasting experiment). To the contrary, droplets in the superwetting state reach a full stop, which is a true characteristic of thermodynamic equilibrium.
The 4-6 hours to hydrophobic recovery for the plasma treated samples is ideal for fundamental studies but prohibitive for practical utilization such as for antifogging applications. Hence, we identified two different surface coatings that prolonged the lifetime of the superwetting effect considerably. Both coatings effectively make the pillar arrays denser by increasing pillar diameter with the coating thickness. In addition, one coating comprising 11 nm SiOx slightly increased the 
Conclusion
We employed block-copolymer self-assembly to fabricate optically transparent nanostructured surfaces in PMMA. The surfaces were subsequently exposed to varying degrees of soft argon plasma that enabled a study of the transition from a pinning state to a superwetting state for water. This transition was demonstrated through contact angle and water condensation studies. The advancements of the macroscopic droplet front on both sides of the transition, and the displacement of the hemiwicking front was experimentally found to obey a power law ( ) ∝ , with ≈ 0.94±0.05, i.e. consistent with a predicted linear dependence in the limit for a dense pillar arrays by Kim et al. 31 For surfaces in the superwetting state, the droplet spreading speed was up to a factor of 20 larger than in the pinning state. Further, the superwetting state was shown to support a true thermodynamic equilibrium state for a droplet resting on a composite surface of dry pillar caps and the wicked water film in the voids. The apparent contact angle in this state corroborated the so-called "sunny-side-up" model of Ishino and Okumura 68 , where the yolk represents the sessile droplet, and the white the wicked liquid film.
Finally, two antifogging surfaces that did not suffer from fast aging caused by hydrophobic recovery were demonstrated. Hence, we tested the long term aging property for a thin W metal coating and a slightly thicker, dielectric SiOx coating. Both coatings prolonged the lifetime of the superwetting state; at least four months for the W coating, and almost three months for the SiOx.
The W coating appears more stable of the two, and the better candidate for antifogging applications. To keep surfaces optically transparent, we recommend, using ≲10 nm W coating, as shown in Figure S11 , where we see that a W coating of about 8 nm keeps the optical transmittance above 85% for a flat surface. The anti-reflection effect of the nanostructures will further compensate some of the optical loss due to the metal coating. The largest advantage of the metal coating over more involved hydrophilization strategies is its ease of manufacture by simple sputtering. W and PMMA are both approved and well-known materials for most applications. Moreover, the samples can be stored at room temperature and ambient pressure conditions without losing their superwetting property.
In the absence of coatings, the desired superwetting property has a finite lifetime and needs reintroduction by Ar plasma, which is incompatible with most applications. However, we find that the class of temporarily existing materials obtained through plasma activation and characterized in Figure 2a , seems to follow the general trend of conventional polymers regarding their Young contact angle dependence on surface free energy (Figure S12 and Table S3 ). This hints the material properties to be searched for in order to get permanent anti-fog by superwetting for noncomposite, recycle-friendly materials. Unfortunately, apart from exotic water-soluble polymers such as polyvinyl alcohol (PVOH), no common polymer has sufficiently low Young contact angle to support a superwetting state using our model texture. Hence, the engineering of surfaces exhibiting perpetual wetting relies on the development of a polymer system with a lower Young contact angle than currently existing ones.
In summary, our findings provide a deeper understanding of the surface properties required to support a superwetting state, and devise surface coatings that can be combined with the nanotexture for practical realizations of antifogging and haze-free polymeric windows. Their utilization span further than advanced optical elements such as lenses, mirrors, goggles, and wind shields; improved sunlight harvesting in photovoltaic devices; and better field visibility in endoscopy.
Experimental Section
Sample fabrication. The fabrication of master origination structures in Si is described in a recent publication by Telecka et al. 38 The full process also comprising replication in polymer is depicted in Si wafer, bonded to the mold, was removed by dissolving in a 10 M KOH (Sigma -Aldrich) bath at 80°C. Before injection molding, the nickel insert was coated with a perfluorodecyltrichlorosilane (FDTS) self-assembled monolayer (MVD100E, Applied Microstructures Inc.) which worked as antistiction layer. 73 Polymethyl methacrylate (PMMA, IG840, LG MMA Corporation, Korea) discs (50 mm diameter, 2 mm thick) were injection molded using an industrial injection molding machine (Victory 45, Engel, Austria) facilitated with the structured nickel mold. 74 A variothermal molding process was employed with injection pressure 1000 bar, holding pressure 1200 bar and a melt temperature 250 C. (Figure 5a ). A. Woollam) at three different incident angles (55, 60 and 65). Nanoscopy images of the structured PMMA were taken by He -ion Zeiss Orion Microscope (Figure 1h) with very thin layer of Au -Pd and a Field Emission Zeiss Supra 40VP Microscope (Figure 5b) . The imaging reveals a predominantly hexagonally arranged array of pillars (Figure 5c ). Atomic force microscopy (AFM) images were taken by an AFM NX20, Park Systems in non -contact mode with a tip of a radius < Contact angle measurements. Since the advancing contact angle is the contact angle for a surface that has not previously been wetted, and therefore is most reproducible, all measured contact angles were advancing contact angles measured instantly after the drop inflation was stopped.
Tuning
The advancing contact angles were measured by the inflation method (S10) using an optical tensiometer (Attension Theta optical tensiometer, Biolin Scientific Holding AB, Sweden) with a high -speed camera (3000 fps, MotionXtra N3, IDT, USA). Shapes of droplets were fitted by the Young -Laplace fitting method (Attention Theta software, version 4.2). For all contact angle measurements, droplets of 6.5 µl volume were used. For each sample, three measurements were made at different spots of the sample and mean values with standard deviations were calculated.
Contact angles of the superwetting samples were made on timescales much shorter than those associated with the hemiwicking flow. For plasma treated samples, the contact angle measurements were done within one hour from the plasma treatment.
Determination of surface free energy. To obtain the surface free energy for the PMMA surfaces we employed Fowkes method, 76 which is widely used for the determination of the of polymeric materials 77 . As the polar and dispersion liquids we used water ( = 72.8 mNm -1 ) and diiodomethane ( = 50.8 mNm -1 ), respectively.
Condensation measurements.
Condensation experiments were carried out in a custom built environmental chamber ( 5 x 10 x 10 cm 3 ), equipped with a thermoelectric cooler (gSKIN, XM 27 9C, Sibalco AG, Switzerland) enabling adjustment of the substrate temperature, a copper plate working as a sample holder, and a temperature probe clamped between those two. The backside of the transparent PMMA sample was made anti-reflective using a black permanent marker. The sample was attached to the copper plate using thermal paste, and the chamber was closed. Using a LabVIEW programmed PID controller, the temperature was set to 5 C and stabilized for 75 s.
Additional 8.75 min of stabilization was applied to assure the stabilization of the polymer sample.
The relative humidity was continuously probed inside the chamber using a resistive hygrometer.
The humidity of the vapor flow was set by choosing the mixing ratio between pure nitrogen and saturated DI water vapor prior to the chamber entrance. Diffusers were placed at both chamber inlet and outlet to remove any possible jet streams. Throughout the temperature stabilization at lower magnification to allow for quantification of the equilibrium contact angle. The droplet radii were determined in MATLAB 2017b using the CircleFitByPratt method after an initial edge detection procedure using a standard deviation filter, wiener2 adaptive noise-removal, and threshold by Otsu's method.
